Most extracellular glutamate in the brain is released by xCT, a glial antiporter that exports glutamate and imports cystine. The function of xCT, and extracellular glutamate in general, remains unclear. Several lines of evidence suggest that glutamate from xCT could act in a paracrine fashion to suppress glutamatergic synapse strength by triggering removal of postsynaptic glutamate receptors. To test this idea, we used whole-cell patch-clamp electrophysiology and immunohistochemistry to quantify receptor number and synapse function in xCT knock-out mouse hippocampal CA3-CA1 synapses. Consistent with the hypothesis that xCT suppresses glutamate receptor number and synapse strength, xCT knock-out synapses showed increased AMPA receptor abundance with concomitant large enhancements of spontaneous and evoked synaptic transmission. We saw no evidence for changes in GABA receptor abundance or the overall number of glutamatergic synapses. The xCT knock-out phenotype was replicated by incubating slices in the xCT inhibitor (S)-4-carboxyphenylglycine, and consistent with the idea that xCT works by regulating extracellular glutamate, the xCT knock-out phenotype could be reproduced in controls by incubating the slices in glutamate-free aCSF. We conclude that glutamate secreted via xCT suppresses glutamatergic synapse strength by triggering removal of postsynaptic AMPA receptors.
Introduction
Approximately 80% of synapses in the mammalian brain use glutamate as a neurotransmitter. However, most extracellular glutamate in the brain is nonsynaptic (Timmerman and Westerink, 1997; Jabaudon et al., 1999; Shinohara et al., 2000; Fillenz, 2005; Montana et al., 2006; Qin et al., 2013) . Nonsynaptic glutamate can be released from neurons and glia, via many molecular mechanisms (Kimelberg et al., 1990; Parpura et al., 2004; Montana et al., 2006; Malarkey and Parpura, 2008; Bridges et al., 2012) , but over half of it is attributable to cystine-glutamate antiporters Piyankarage et al., 2008; De Bundel et al., 2011; .
Cystine-glutamate antiporters are plasma membrane protein complexes that secrete glutamate and import cystine (Sato et al., 1999 (Sato et al., , 2000 Kanai and Endou, 2001; Kim et al., 2001; Hosoya et al., 2002) . The functional core of these transporters is xCT, a predicted 12 transmembrane protein required for amino acid selectivity (Sato et al., 1999; Chillaró n et al., 2001; Wagner et al., 2001; Verrey et al., 2004; Palacín et al., 2005; Fernández et al., 2006) . Consistent with the idea that xCT is important for brain function, xCT expression is highest in brain tissue Burdo et al., 2006; La Bella et al., 2007) . Unfortunately, no antibodies reliably recognize xCT protein in situ. However, antibodies against the selective xCT substrate ␣-aminoadipic acid show strong specific staining in rat brain glia, including Bergmann glia in the cerebellum and astrocytes in cerebral cortex, corpus callosum, and surrounding hippocampal CA1 pyramidal cells (Pow, 2001) . In contrast, mature neurons exhibit little or no apparent xCT activity and accumulate cystine through alternative systems, including the excitatory amino acid transporters (EAATs) responsible for glutamate uptake after synaptic transmission (Zerangue and Kavanaugh, 1996; Pow, 2001; McBean, 2002; Chen and Swanson, 2003; Verrey et al., 2004) .
Presumably, xCT-secreted glutamate plays an important part in brain function, though the exact role remains unclear. Possibilities include activating ionotropic glutamate receptors to depolarize cells (Warr et al., 1999) or activating metabotropic receptors that subsequently modulate neurotransmission . Several lines of evidence from Drosophila suggest that xCT-secreted glutamate suppresses glutamatergic synapse strength by triggering removal of postsynaptic glutamate receptors, and that this can regulate behavior in ways not previously thought possible (Augustin et al., 2007; Grosjean et al., 2008; Chen et al., 2009) . But this hypothesis has never been tested in mammals.
To test whether xCT regulates glutamatergic synapse strength by suppressing postsynaptic glutamate receptor abundance in mammals, we examined hippocampal CA3-CA1 synapses in mice lacking xCT. We found increased postsynaptic AMPA receptor abundance with commensurate enhancement in glutamatergic synaptic strength. This phenotype was reproduced when brain tissue was treated with the xCT inhibitor CPG, or when tissue was incubated in aCSF lacking glutamate. We conclude that glutamate secreted by glial xCT suppresses postsynaptic glu-tamate receptor abundance to regulate glutamatergic synapse strength in vivo.
Materials and Methods
Mouse strains. All procedures were reviewed and approved by the University of Illinois at Chicago Animal Care and Use Committee. xCT knock-out mice (Slc7a11 tm1Hsat ; RRID:MGI_MGI:3608978) were generously provided by Hideyo Sato, Yamagata University, Japan . The xCT knock-out mutation was generated in the C57BL/6J background and outcrossed with C57BL/6J Ͼ10 times. xCT expression is completely eliminated in these xCT Ϫ/Ϫ mice. Homozygous C57BL/6J mice were used as controls. GluA1 phospho-T840 "penta" mutant mice (Lee et al., 2007) were kindly provided by Rick Huganir's lab at Johns Hopkins University. These mice were developed from RRID:IMSR_JAX:008892.
Slice preparation. To obtain brain tissue, male P14 -P22 mice were anesthetized with isoflurane and decapitated. Whole brains were then immediately removed and the hippocampus isolated. A vibrating microtome was used to prepare 300-m-thick hippocampal slices in icecold cutting and storage solution containing the following (in mM): 87 NaCl, 2.5 KCl, 7 MgCl 2 , 75 sucrose, 25 glucose, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 0.5 CaCl 2 . Slices were then immersed in freshly prepared aCSF at an osmolarity of 300 -305 mOsm (2 mM CaCl, 124 mM NaCl, 26 mM NaHCO 3, 3 mM KCl, 1.25 NaH 2 PO 4, 1 mM MgSO 4, and 10 mM glucose) at 35°C for 30 -45 min, after which they were allowed to reach room temperature. 95% O 2 /5% CO 2 was bubbled through all solutions.
Electrophysiology. All electrophysiological recordings were obtained via whole-cell patch-clamp of CA1 pyramidal cells, using conventional techniques. Recordings were performed in freshly prepared aCSF bubbled with 95% O 2 /5% CO 2 . Patch pipettes (5-8 m⍀) were filled with 270 mOsm internal solution containing the following (in mM): 120 K-gluconate,10 KOH, 9 KCl, 3.48 MgCl 2 , 4 NaCl, and 10 mM HEPES. AMPA receptor currents were recorded from cells voltage clamped at Ϫ70 mV, in bath solution containing 10 M bicuculline (to block GABA A receptors) and (when mEPSCs were recorded) 1 M TTX (to block presynaptic action potentials). Bath application of NBQX was used as a control to confirm that currents were attributable to AMPA receptor activity. NMDA receptor currents were recorded from cells voltage clamped at ϩ50 mV, in bath solution containing 10 M bicuculline and 5 M CNQX, a competitive AMPA receptor antagonist. mIPSCs were recorded from cells voltage clamped at 100 mV, in bath solution containing 5 M CNQX and 1 M TTX. Bicuculline was bath applied as a control to ensure that mIPSCs were attributable to GABA A receptor activity. Stimulus-evoked EPSCs were generated by delivering a stimulatordriven current pulse to CA3 axons via a patch electrode filled with extracellular aCSF. Where noted, slices were incubated in aCSF containing 50 M CPG for 1.5-3 h. When glutamate-containing aCSF was used, slices were incubated in aCSF containing 5 M glutamate for 4.5 h, then 15 min minimum in glutamate-free aCSF for patch clamping. All electrophysiological recordings and analysis were performed using pClamp 10 software (Molecular Devices). mEPSCs, mIPSCs, and sEPSCs were detected and measured using Event Analysis tools in pClamp 10 software. Amplitude and frequency measurements are averages from all events that occurred during at least 100 s of continuous recording.
Immunohistochemical analysis and confocal microscopy. For immunohistochemical detection and quantification of synaptic proteins, mouse coronal brain sections were fixed in 4% PFA, pH 7.4, for 18 -24 h. Sections were cryoprotected overnight in PBS containing 30% sucrose and 0.02% NaN 3 , then frozen at Ϫ20°C. For staining and imaging, 40 m hippocampal slices were cut from the frozen sections on a sliding microtome, then incubated for 1 h, free floating in a blocking solution of PBS, pH 7.4, containing 0.025% Triton X-100 and 5% BSA. After blocking, slices were incubated for 18 -24 h in blocking solution containing primary antibodies. The primary antibodies used for this study were as follows: mouse anti-synapse-associated protein-102 (SAP-102; 1:500; University of California Davis/NIH NeuroMab #75-058; RRID: AB_2261666); mouse monoclonal anti-synapsin (1:100; synaptic systems #106001; RRID:AB_2200566); rabbit anti-glutamate receptor 1, AMPA subtype phospho T840 (1:1000; Abcam #ab12108; RRID: AB_2113448); and rabbit anti-glutamate receptor 1, AMPA subtype (1: 500; Abcam #ab31232; RRID:AB_2113447). After incubation in primary antibodies, slices underwent four 10 min washes in PBS plus 5% BSA at room temperature. Slices were then incubated for 2 h in PBS solution containing 5% BSA and appropriate fluorescently conjugated secondary antibodies (1:400; Jackson ImmunoResearch; TRITC-and CY5-conjugated anti-mouse or anti-rabbit). Secondary fluorophores were switched for half of all preparations in each set of experiments, to control for possible differences in baseline fluorescence or secondary antibody immunoreactivity. After incubation with secondary antibodies, slices were washed four times in PBS at room temperature and placed onto slides. Images of hippocampal Shaffer collateral-CA1 synaptic regions were generated using laser-scanning fluorescence microscopy at 540ϫ magnification. The size of synaptic puncta was measured by manually delineating the edges of puncta using ImageJ software and calculating the enclosed area based on pixel dimensions. Only puncta where the GluA1 immunoreactivity (either GluA1 or T840) was colocalized with SAP-102 were used for measurements. Synaptic density was measured by counting the number of GluA1ϩSAP-102 puncta per micrometer squared.
Statistical analysis. For all experiments, N ϭ the number of mice (e.g., N ϭ 5 means that measurements were taken from five different mice). For immunohistochemical experiments, three slices were used from each mouse for each measurement. Measurements were taken from all three slices and then averaged to equal 1 N. 
Results
We hypothesized that loss of xCT would lead to accumulation of postsynaptic glutamate receptors at hippocampal synapses. Arguably the most precise and quantitative method for detecting changes in postsynaptic glutamate receptors is measurement of mEPSC amplitudes. We therefore recorded mEPSCs from whole-cell patch-clamped (holding potential Ϫ70 mV) CA1 pyramidal neurons in hippocampal slices (Fig. 1A) . To ensure that the mEPSCs were due to glutamate receptor activity, the GABA A receptor antagonist bicuculline was added to the bath. Also, mEPSCs were completely eliminated in the presence of 5 M NBQX, demonstrating that they were due to AMPA receptor activity (Fig. 1B) . Consistent with our hypothesis, mEPSC amplitudes from xCT Ϫ/Ϫ mice were significantly larger than those recorded from C57BL/6J controls (control ϭ 6.2 Ϯ 0.3 pA, N ϭ 8; xCT Ϫ/Ϫ ϭ 9.8 Ϯ 0.9 pA, N ϭ 8; p ϭ 0.003). Interestingly, much of the increase in xCT Ϫ/Ϫ mEPSC amplitudes was attributable to an increase in larger mEPSCs rather than a uniform shift in mEPSC amplitude ( Fig. 1 D, E) . This increase was highly significant (Kolmogorov-Smirnov test, p Ͻ 0.0001). We detected no change in mEPSC kinetics (control decay time ϭ 9.94 Ϯ 0.87 ms, N ϭ 8; xCT ϭ 10.01 Ϯ 0.98 ms, N ϭ 8; p ϭ 0.958).
To rule out the possibility that the increase in xCT Ϫ/Ϫ mEPSC amplitudes might be due to factors unrelated to glutamate receptor function, we performed additional measurements. First, we considered hippocampal cell capacitance, which is a measure of cell size and voltage-clamp efficacy. However, xCT Ϫ/Ϫ mutants and controls showed no measureable difference in average cell capacitance, despite consistently larger mEPSC amplitudes in xCT Ϫ/Ϫ mutant mice (Fig. 1F ). The enhanced mEPSC amplitudes in xCT Ϫ/Ϫ recordings also remained elevated relative to controls despite variation in time before initiation of recording ( Fig. 1G ) and leak currents amplitude (Fig. 1H ) . We conclude that mEPSCs are inherently larger in xCT Ϫ/Ϫ mutant mice, despite variation in methodological factors, consistent with the idea that hippocampal CA1 neurons in xCT Ϫ/Ϫ mice contain more postsynaptic glutamate receptors.
The anatomical complexity of hippocampal slices makes reliable staining and identification of postsynaptic receptors challenging due to multiple layers of overlapping cell processes and synapses. Nevertheless, we reasoned that increased postsynaptic glutamate receptor abundance in xCT Ϫ/Ϫ mutant mouse hippocampi should be measurable using confocal microscopy and commercially available antibodies against GluA1 protein, a postsynaptic AMPA receptor subunit in hippocampal CA3-CA1 synapses. Eighty-one percent of postsynaptic AMPA receptors in CA1 neurons are thought to contain GluA1 (Lu et al., 2009) . As expected, GluA1 immunoreactivity was abundant in appropriate regions of hippocampal neuropil, and most of this immunoreactivity was absent when slices were treated with fluorescently conjugated secondary antibodies but not primary antibodies (Fig.  2C ). To determine how much of the remaining putative GluA1 receptor immunoreactivity represented synaptically localized GluA1 protein, we colabeled slices with antibodies to either the presynaptic vesicle-associated protein synapsin, or the PSD scaffolding protein SAP-102 ( Fig. 2A) . SAP-102 was used because it is known to be abundant in the CA1 synapses of the immature (P14 -P22) mice used in this study, and then replaced later in development by PSD-95 (Elias et al., 2006) . Immunoreactivity for synapsin and SAP-102 was also abundant in the hippocampal neuropil. Some of the synapsin and SAP-102 immunoreactivity was associated with GluA1 immunoreactivity, and was in the size range expected for synaptic protein clusters within the resolution limits of standard confocal microscopy ( Fig. 2C) . Further, where synapsin immunoreactivity was associated with GluA1 immunoreactivity, the two clusters of immunoreactivity tended to be adjacent, as one would expect for presynaptic and postsynaptic proteins. In contrast, where SAP-102 immunoreactivity was associated with GluA1 immunoreactivity, the clusters tended to be overlapping. However, not all GluA1 and synapsin and SAP-102 immunoreactivity was associated with each other (Fig. 2 B, C) , consistent with the idea that nonassociated immunoreactivity was nonspecific or nonsynaptic. Therefore, only GluA1 immunoreactivity that clearly overlapped SAP-102 immunoreactivity was assumed to be a reliable measure of GluA1 abundance (Fig. 2C) .
As further confirmation that this subset of GluA1 immunoreactivity truly represented postsynaptic GluA1 protein, we repeated the staining using antibodies that specifically recognize T840-phosphorylated (T840-P) GluA1, which is thought to be localized exclusively in postsynaptic densities (Lee et al., 2007) . Consistent with this idea, a much greater proportion of the T840-P GluA1 immunoreactivity was associated with SAP-102. To ensure that the T840-P GluA1 antibodies were specific for T840-P GluA1 in situ, we tested these antibodies in slices from T840A mutant mice, wherein GluA1 cannot be phosphorylated. In these T840A mutants, the T840-P antibody staining was reduced to background fluorescence levels (Fig. 2C) . Based on these experiments, we concluded that we can reliably quantify synaptic GluA1 immunoreactivity in hippocampal slices by restricting our analysis to the subset of GluA1 puncta that colocalize with SAP-102, with the most reliable measurements coming from the subset of T840-P GluA1 puncta that colocalize with SAP-102. All of our subsequent analysis was therefore restricted to these two classes of puncta. Figure 3 shows confocal images of CA1 dendritic regions in hippocampal slices stained with antibodies against SAP-102 and either GluA1 or T840-P GluA1. In agreement with the idea that xCT Ϫ/Ϫ mutant synapses contain more GluA1, we observed larger GluA1 puncta in xCT Ϫ/Ϫ mutant mice (Fig. 3A-C) . The shift in the GluA1 puncta size distribution (Fig. 3C ) was statistically significant (Kolmogorov-Smirnov test, p Ͻ 0.001), but the shift in average puncta size did not reach statistical significance ( Fig. 3B ; xCT Ϫ/Ϫ ϭ 0.41 Ϯ 0.04 m 2 , N ϭ 8 mice; control ϭ 0.50 Ϯ 0.06 m 2 , N ϭ 8 mice; p ϭ 0.198), possibly because nonphosphorylated GluA1 staining represents both nonsynaptic and synaptic GluA1. Consistent with this idea, both the puncta size distribution and average puncta size were significantly altered for T840-P GluA1 ( Fig. 3E ; control ϭ 0.42 Ϯ 0.04 m 2 , N ϭ 7 mice; xCT Ϫ/Ϫ ϭ 0.61 Ϯ 0.06 m 2 , N ϭ 6 mice; p ϭ 0.029; Fig. 3F ; Kolmogorov-Smirnov test, p Ͻ 0.001), suggesting that most of the change was exclusively postsynaptic. The magnitude of the T840-P GluA1 increase was ϳ31%, statistically indistinguishable from the increase in mEPSC size measured electrophysiologically (Fig. 1) , in support of the conclusion that there are more postsynaptic glutamate receptors in xCT Ϫ/Ϫ mutant hippocampal CA3-CA1 synapses.
To explore whether loss of xCT might lead to changes in abundance of other types of receptors, we recorded CA1 neuron mIPSCs, which are mediated by GABA A receptors. This required the addition of the AMPA receptor blocker CNQX to the recording solution, and a change in holding potential to Ϫ100 mV, because the reversal potential of chloride in our recording conditions was near Ϫ70 mV. The inward currents measured under these conditions (Fig. 4A ) were confirmed to be GABA A receptor-mediated mIPSCs by their complete elimination in bicuculline (Fig. 4B) . Consistent with the idea that loss of xCT does not lead to changes in GABA receptor abundance, at least in hippocampal CA1 neurons, we measured no significant change in mIPSC current amplitude ( Fig. 4C-E ; controls ϭ 4.3 Ϯ 0.8 pA, N ϭ 6; xCT Ϫ/Ϫ ϭ 5.3 Ϯ 0.7 pA, N ϭ 6; Kolmogorov-Smirnov test, p ϭ 0.148). We also detected no change in mIPSC kinetics (control decay time ϭ 10.62 Ϯ 1.14 ms, N ϭ 6; xCT ϭ 12.19 Ϯ 1.12 ms, N ϭ 6; p ϭ 0.35).
The electrophysiological and immunohistochemical data described above strongly suggest that hippocampal CA3-CA1 postsynaptic AMPA receptor abundance is increased by approximately one-third after loss of xCT. This is a biologically significant increase, on par with changes thought to occur during processes such as learning and memory, and raises the possibility that xCT might be an important regulator of synaptic strength in vivo. However, a change in postsynaptic glutamate receptor abundance might not necessarily result in a physiologically relevant change in synaptic function. The probability of presynaptic neurotransmitter release could drop to compensate for more receptors, for example, or the overall number of synapses between cells could be reduced. Alternatively, the effects of increased receptor number might be mitigated by restrictions imposed by synaptic architecture and glutamate diffusion (Savtchenko and Rusakov, 2014). We therefore wondered whether xCT mutant mice might not show physiologically relevant changes in CA3-CA1 synaptic function despite an increase in postsynaptic glutamate receptor numbers.
First, we measured spontaneous synaptic activity (sEPSCs) using the same procedures used to record mEPSCs, but leaving out the TTX to permit endogenous neuronal activity (Fig. 5) . sEPSC amplitudes in xCT Ϫ/Ϫ mutant mice were significantly larger than those measured from controls ( Fig. 5A,B ; control ϭ 10.4 Ϯ 1.2 pA, N ϭ 9; xCT Ϫ/Ϫ ϭ 16.5 Ϯ 2.6 pA, N ϭ 7; p ϭ 0.035), and the entire sEPSC amplitude distribution in xCT Ϫ/Ϫ mutant mice was shifted toward larger events ( Fig. 5C,D ; KolmogorovSmirnov test, p Ͻ 0.0001). There was no significant change in sEPSC frequency ( Fig. 5E ; control ϭ 0.59 Ϯ 0.20 Hz, N ϭ 9; xCT ϭ 0.67 Ϯ 0.17, N ϭ 7; p ϭ 0.79).
To test whether electrical stimulation of presynaptic inputs would lead to larger EPSCs in xCT
Ϫ/Ϫ mice, we used an open patch-style electrode filled with extracellular bath solution to deliver electrical pulses to Schaffer collateral CA3 axons, while simultaneously recording EPSCs in postsynaptic CA1 cells. The average EPSC amplitude in xCT Ϫ/Ϫ mutants was approximately double that measured in controls (Fig. 6 A, B ; control ϭ 115.6 Ϯ 15.4 pA, N ϭ 7; xCT Ϫ/Ϫ ϭ 222.7 Ϯ 47.1 pA, N ϭ 7; MannWhitney test p ϭ 0.017), and the entire EPSC distribution was shifted toward larger values ( Fig. 6C,D ; Kolmogorov-Smirnov test, p Ͻ 0.0001). To ensure that the changes in EPSC amplitude were not due to better stimulation efficacy in xCT Ϫ/Ϫ mutants, we collected EPSC amplitudes at multiple stimulation intensities. EPSC amplitude was consistently increased in xCT Ϫ/Ϫ mutants independent of stimulation intensity (ANOVA p ϭ 0.002), to approximately double that of controls.
We measured a one-third increase in average mEPSC amplitude, but a doubling of EPSC amplitude (Fig. 6 ). This apparent discrepancy might initially be attributed to presynaptic changes. However, as shown in Figure 1E , mEPSC amplitude distributions are highly skewed, and most of the change in average xCT Ϫ/Ϫ mutant mEPSC amplitude was due to the addition of larger mEPSCs rather than a shift in the entire mEPSC amplitude distribution. Similarly, the shift in average postsynaptic GluA1 puncta size that we measured was due mostly to the addition of larger puncta (Fig. 3F ) .These results suggest that the predominant change in xCT Ϫ/Ϫ mutants was the addition of a few receptors to many synapses, and the addition of many receptors to a few synapses. Under these conditions, it is expected that the change in average EPSC amplitude will be larger than the change in average mEPSC amplitude, because each EPSC represents activation of many synapses and therefore has a higher likelihood of including contributions from the moststrengthened synapses, compared with individual mEPSCs. By the same argument, we expect the change in sEPSC amplitudes to be intermediate between the change in mEPSC and EPSC amplitudes, because sEPSCs represent activation of an intermediate number of synapses. Since this is exactly what we observed, our results are consistent with the idea that increased sEPSC and EPSC amplitudes in xCT Ϫ/Ϫ mutant mice are due entirely to postsynaptic addition of AMPA receptors, without any presynaptic changes.
Nevertheless, we wondered whether increased EPSC amplitudes in xCT Ϫ/Ϫ mutants might also be caused by changes in presynaptic function or overall synapse number. Therefore, we looked for differences in paired-pulse facilitation, synapse density, and postsynaptic current frequency. There was no obvious change in paired-pulse ratio (control EPSC2/ EPSC1 ϭ 1.34 Ϯ 0.07, N ϭ 5; xCT ϭ 1.20 Ϯ 0.02, N ϭ 2; p ϭ 0.272). There was also no significant difference between the density of synaptic GluA1 puncta in controls and xCT Ϫ/Ϫ mutants, regardless of whether puncta were quantified using either GluA1 or T840-P GluA1 antibodies (Fig. 7 A, B ; control GluA1/SAP-102 puncta density ϭ 0.02 Ϯ 0.003/m 2 , N ϭ 8; xCT GluA1/SAP-102 puncta density ϭ 0.02 Ϯ 0.002/m 2 , N ϭ 8; p ϭ 0.604; control T840-P GluA1/SAP-102 puncta density ϭ 0.01 Ϯ 0.001/m 2 , N ϭ 7; xCT T840-P GluA1/SAP-102 puncta density ϭ 0.01 Ϯ 0.001/m 2 , N ϭ 6; p ϭ 0.824).
Control and xCT
Ϫ/Ϫ mutants also showed no difference in mEPSC, mIPSC, or sEPSC frequency ( Fig. 7C,D First, we hypothesized that mEPSC amplitudes in control slices would gradually increase as the tissue was incubated in glutamate-free aCSF. If xCT suppresses postsynaptic AMPA receptor abundance via glutamate, then mEPSCs recorded in slices from control mice should increasingly phenocopy the xCT Ϫ/Ϫ mutant slices as extracellular glutamate is washed from the slice by glutamate-free aCSF. Consistent with this idea, we observed that mEPSC amplitudes increased over time when slices were incubated in glutamate-free aCSF ( Fig. 8A ; 0.02 Ϯ 0.004 pA/min; linear regression, p Ͻ 0.001). In contrast, xCT Ϫ/Ϫ mutant mEPSCs did not significantly increase under the same conditions ( Fig. 8A; 0 .01 Ϯ 0.008 pA/min; linear regression p ϭ 0.466). If we compare the entire mEPSC amplitude distributions (Fig. 8B) , we see that distributions of control mEPSC amplitudes recorded af- Ϫ/Ϫ mutant mEPSC amplitudes are phenocopied by incubation of control hippocampal slices in glutamate-free aCSF, or 2 h exposure to the xCT inhibitor CPG. A, mEPSC amplitudes recorded from xCT Ϫ/Ϫ mutant (red) or control (black) CA1 neurons, relative to the time the slices were incubated in aCSF before the recording. Control mEPSC amplitudes increased significantly as slices were incubated in glutamate-free aCSF. However, this increase did not occur if slices were incubated in aCSF containing glutamate. mEPSC amplitudes were increased to xCT Ϫ/Ϫ mutant levels after only 2 h incubation in aCSF containing CPG. B, Cumulative frequency histograms showing shift of mEPSC amplitudes under various conditions: control mEPSCs recorded after 0 -3 h in glutamate-free aCSF (black line), control mEPSCs recorded after 3-6 h in glutamate-free aCSF (dotted line), xCT Ϫ/Ϫ mutant mEPSCs recorded after 0 -3 h in glutamate-free aCSF (red line), xCT
mutant mEPSCs recorded after 3-6 h in glutamate-free aCSF (red dotted line), control mEPSCs recorded in glutamate-free aCSF containing CPG (black line with circles), and control mEPSCs recorded in aCSF containing glutamate (black line with squares).
ter 3-6 h in glutamate-free aCSF were statistically indistinguishable from distributions of xCT Ϫ/Ϫ mutant mEPSC amplitudes (Kolmogorov-Smirnov test, p ϭ 0.271). In other words, controls phenocopied xCT Ϫ/Ϫ mutants after 3 h in glutamate-free aCSF. To confirm that the increase in mEPSC amplitude over time was truly due to lack of glutamate, we also recorded mEPSC amplitudes from control slices incubated in 5 M glutamate for 4.5 h, followed by normal (glutamate-free) aCSF for at least 15 min to allow recovery from any receptor desensitization. Glutamate (5 M) is the measured concentration of extracellular glutamate in our control hippocampal slices (G. Ojeda-Torres, L.E. Williams, D.E. Featherstone, and S.A. Shippy, unpublished observations) . Consistent with the idea that the increase in mEPSC amplitudes over time was due to loss of extracellular glutamate, there was no increase in control slice mEPSC amplitude when aCSF contained 5 M glutamate, even after 5 h (Fig. 8 A, B) .
Finally, to check whether the increased mEPSC amplitudes could really be attributed to loss of xCT activity, we bathed control slices in aCSF containing the CPG (50 M). As expected, CPG caused a statistically significant enhancement of mEPSC amplitudes (Kolmogorov-Smirnov test, p Ͻ 0.001), such that CPGtreated controls phenocopied xCT Ϫ/Ϫ mutants within 3 h ( Fig.  8 A, B) .
Discussion
xCT is highly expressed in brain tissue (Pow, 2001; Sato et al., 2002; Burdo et al., 2006; La Bella et al., 2007) . Our work suggests that xCT-secreted glutamate suppresses postsynaptic AMPA receptor abundance in hippocampal CA3-CA1 synapses. We examined xCT function in the hippocampus for several reasons. First, xCT mRNA expression is particularly strong in the hippocampus, and xCT activity has been observed specifically in astrocytes surrounding CA1 neurons (Pow, 2001) . Second, extracellular glutamate levels measured in the hippocampus are not calcium dependent, consistent with the idea that extracellular glutamate is primarily regulated by nonsynaptic release mechanisms like xCT. Indeed, extracellular glutamate concentrations are reduced by 60% in the hippocampus of xCT mutant mice, without detectable cell death . Third, xCT mutant mice show behavioral alterations consistent with a change in hippocampal function , even though it remains unclear whether some of these changes are definitively attributable to loss of xCT (McCullagh and Featherstone, 2014) . Further, Li et al. (2012) reported that xCT mutant mice show altered contextual fear, passive contextual avoidance memory, and reduced hippocampal CA3-CA1 synaptic LTP . The LTP phenotype was not replicated by acute exposure to the xCT blocker CPG , but this negative result is consistent with the idea that xCT-dependent synaptic changes take hours, as seen in Drosophila (Augustin et al., 2007) and the present study. We conclude, based on our data, that xCT-mediated glutamate secretion in the hippocampus suppresses postsynaptic AMPA receptor abundance in CA1 neurons, and thereby CA3-CA1 synaptic transmission. However, presynaptic function was not a focus of our study, and we cannot completely rule out changes in presynaptic function. Either way, xCT-mediated synapse modulation is potentially very strong, easily comparable to or exceeding changes following LTP or LTD.
How does xCT-secreted glutamate trigger loss of postsynaptic AMPA receptors? In Drosophila, glutamate secreted by the xCT homolog "genderblind" appears to directly interact with postsynaptic glutamate receptors to cause constitutive desensitization and subsequent removal of those receptors from the synapse (Augustin et al., 2007; Chen et al., 2009) . This is unlikely to be the mechanism at work in CA3-CA1 synapses, however, where GLTtype glutamate uptake transporters strongly buffer the glutamate in the synaptic cleft (Jabaudon et al., 1999; Lozovaya et al., 2004) . If xCT-secreted glutamate suppressed CA1 glutamate receptors via desensitization, as appears to be the case in Drosophila, we would also expect to see a dramatic increase in NMDAdependent currents in xCT Ϫ/Ϫ mutants, surpassing even the large increase we measured for AMPAR-dependent sEPSCs (Fig.  5) , since NMDA receptors desensitize at even lower concentrations than AMPA receptors (for review, see Featherstone and Shippy, 2008) . However, our preliminary data show no significant difference between NMDA receptor currents (recorded at ϩ50 mV) in control and xCT Ϫ/Ϫ mutant CA1 neurons (control NMDA sEPSC ϭ 57.2 Ϯ 1.9 pA, N ϭ 6; xCT Ϫ/Ϫ NMDA sEPSC ϭ 40.48 Ϯ 15.31 pA, N ϭ 2; p ϭ 0.08; control NMDA EPSC ϭ 449.2 Ϯ 88.0 pA, N ϭ 6. xCT: 344.8 Ϯ 32.7 pA, N ϭ 2; p ϭ 0.54). Therefore, we think it more likely that xCT-mediated modulation of CA3-CA1 synapses involves extrasynaptic mGluRs coupled to pathways modulating CA1 postsynaptic AMPA receptor abundance. This hypothesis fits nicely with previous knowledge. For example, CA3-CA1 synapses display mGluR-dependent LTD (Oliet et al., 1997; Overstreet et al., 1997; Palmer et al., 1997) . mGluR-dependent LTD in hippocampal CA1 neurons occurs when activation of Group I mGluRs by extrasynaptic glutamate triggers a series of intracellular signaling events leading to reduced postsynaptic glutamate receptor expression and altered trafficking (Gladding et al., 2009) . If xCT activity in vivo contributes to constitutive mGluR-dependent LTD in CA1 neurons, then loss of xCT would be expected to cause increased postsynaptic glutamate receptor abundance exactly as we observed.
If xCT-mediated suppression of glutamatergic synapse strength in the hippocampus occurred via mGluRs, it would highlight a growing "theme" for the role of xCT in the brain. For example, drug-seeking behavior following withdrawal is thought to involve strengthened glutamatergic transmission between the PFC and the core of the nucleus accumbens (NA). In rats, repeated self-administration of cocaine followed by withdrawal leads to reduced xCT and extracellular glutamate in the NA (Baker et al., 2003; Knackstedt et al., 2010) . This, in turn, is thought to reduce activation of mGluRs and lead to synaptic strengthening. Consistent with this, activation of xCT with N-acetylcysteine or treatment with mGluR 2/3 agonists reduces drug-seeking behavior (Baker et al., 2003; Baptista et al., 2004; Peters and Kalivas, 2006; Kau et al., 2008; Zhou and Kalivas, 2008; Moussawi et al., 2009; Amen et al., 2011) . In this case, however, at least some of the xCT-dependent synaptic modulation is thought to be presynaptic, because activation of xCT by exogenous cystine in the NA decreased EPSC amplitude and mEPSC frequency with no change in mEPSC amplitude, and this effect was blocked by mGluR 2/3 antagonists (Moran et al., 2005) . This presynaptic suppression is thought to involve activation of presynaptic potassium channels and inhibition of presynaptic calcium channels (Moussawi and Kalivas, 2010) . However, it should be noted that these NA studies did not rule out postsynaptic changes in AMPA receptor abundance such as we observed in the hippocampus, because the postsynaptic changes we observed take several hours to manifest, while the NA experiments examined pharmacologically induced effects over just a few minutes. Also, there is quite a bit of evidence for increased surface AMPA receptor expression and alterations in AMPA receptor subunit composition in the NA core during cocaine withdrawal in rodents (for review, see Wolf and Ferrario, 2010; Loweth et al., 2014) . Furthermore, infusion of ionotropic glutamate receptor agonists into the NA elicits reinstatement of drug seeking (Cornish et al., 1999) while microinjection of AMPA receptor antagonists into the NA blocks reinstatement (Cornish and Kalivas, 2000) . Thus, it would not be surprising to ultimately discover that effects of xCT-secreted glutamate involve both presynaptic and postsynaptic mechanisms, depending on the synapse, but all data suggest that the end result in any case is suppression of glutamatergic synapse strength.
Accepting that xCT is a major paracrine regulator of glutamatergic synapse strength in vivo, it is useful to ask what regulates xCT expression and activity. Most studies of xCT expression and activity used cultured cells and treatments designed to understand the role of xCT during pathological oxidative stress, as oxygen itself is a potent modulator of xCT in cultured cells (Bannai et al., 1989; Lewerenz et al., 2012) . However, pharmacological manipulation of mGluR 2/3, PKA, PKC, and CaMKII also affect xCT activity in astrocytes (Tang and Kalivas, 2003) , suggesting that xCT may function both upstream and downstream of mGluRs in vivo. xCT activity in cortical astrocytes also appears to be activated by extracellular cystine and inhibited by lactic acid (Koyama et al., 2000) , adding these to the list of potential modulators. Ultimately, this is an area ripe for exploration, and likely to provide significant insights with regard to modulation of brain function.
It is also interesting to note the effects of standard (glutamatefree) aCSF on the size of CA3-CA1 synaptic currents over time. This effect is important to consider when planning slice experiments, or interpreting the effects of applied treatments.
In summary, we have provided the first detailed description of synaptic changes in an xCT mutant mammal. Both patch-clamp electrophysiology and immunohistochemistry show that hippocampal CA3-CA1 synapses in xCT knock-out mice contain more postsynaptic AMPA receptors, leading to strongly enhanced glutamatergic neurotransmission. This effect could be suppressed by incubating brain tissue in aCSF containing glutamate, and phenocopied by incubating brain tissue in the xCT inhibitor CPG or aCSF without glutamate, consistent with the idea that the increase in AMPA receptor abundance was due to loss of xCT-secreted glutamate. Thus, we conclude that xCT in hippocampal astrocytes secretes glutamate that in turn triggers loss of postsynaptic AMPA receptors to suppress synapse strength.
